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Double	  Perovskites	  
General formula: A2BB’O6   (B,B’ = 3d, 4d, 5d) 
Frustrated magnetism 
B=mag, B’=nonmag 
. Get FCC lattice of spins (eg: Ba2YMoO6) 
. Unusual spin-orbit coupled liquids? 
High TC ferromagnetism 
B,B’ both magnetic  
. Half metallic ferrimagnets (eg:Sr2FeMoO6, TC= 420K) 
   - Large polarization: good for spin injection 
. Insulating ferrimagnets (eg: Sr2CrOsO6, TC=725K) 
 
Interplay of SO coupling, magnetism, transport 
Ba2FeReO6 [BFRO] 
Sr2FeMoO6 [SFMO] 
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•  Metallic transport, but evidence of half-metallicity 
 
•  High Ferromagnetic TC (BFRO:315K, SFMO:420K)  
•  Antiparallel magnetization on Mo/Re and Fe 
•  Tetragonal distortion below magnetic Tc 
•  XMCD in BFRO shows orbital+spin magnetism  
      Re: Orbital and spin moments 
      Fe: Spin moment  
                       Azimonte, et al, PRL 98, 017204 (2007) 
R. L. Greene group 
JPCM (2000) 
Experiments: Bulk magnetism and transport 
Tokura group, Nature (1998) 
Sr2FeMoO6 
Ba2FeReO6 Ba2FeReO6 
Indirect evidence of half-metallicity 
Atomic	  states	  
Nominal valence: Ba2(2+)Fe(3+)Re(5+)O6(2-) 
                                              Sr2(2+)Fe(3+)Mo(5+)O6(2-) 
Fe(3+) 
t2g 
eg 
Hund’s coupling dominates 
over crystal field 
Re(5+) 
t2g 
eg 
S.O. λ ~ 500 meV 
Hubbard U important 
S=5/2 
Spin orbit coupling in t2g 
Hs.o. =   ~` · ~s
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Mo(5+) 
t2g 
eg 
S.O. λ ~100meV 
5d 4d 3d 
(Kanamori) 
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Electronic	  model	  
Fe Mo Fe Mo 
Kinetically stabilized ferromagnetism 
Manganites - Double exchange, Hund’s coupling: Ferromagnetic 
Double perovskite ferrimagnets - Pauli blocking: Ferrimagnetic 
 
  D.D. Sarma, et al (PRL 2000); S. Di Matteo, G. Jackeli, N. B. Perkins (PRB 2003) 
   Phillips, Chattopadhyay, A.J. Millis (PRB 2003); 
  L. Brey, M.J. Calderon, S. Das Sarma, F. Guinea (PRB 2006) 
  O. Erten, O. Nganba-Meetei, M. Randeria, N. Trivedi, P. Woodward (PRL 2011) 
                                     O. Nganba-Meetei, O. Erten, M. Randeria, N. Trivedi, P. Woodward (PRL 2013) 
 
Open issues 
•  Correlation effects? 
•  Spin-orbit coupling? 
•  Spin-orbital dynamics? 
•  Berry curvature and anomalous Hall effects? 
(S=5/2) di,`,  fi,`
Importance of SO + correlations  
in “Cr-5d” DPs: H.Das, et al (PRB 2011) 
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Fe-Re 
Re-Re 
A. Cook, AP, PRB 88, 235102 (2013) 
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Electronic	  model	  for	  BFRO:	  Hartree	  theory	  
Comparing Hartree-corrected dispersion with LDA+U 
G S X G Y Z 
Correlation on Re: Stabilizes half-metallic state 
Keep only intra-orbital U 
tFe-Re ~ 330 meV, U ~ 2.5eV, ΔCT ~ 1 eV 
tRe-Re ~ 100 meV, Other hoppings small < 50 meV 
B.C. Jeon, T.W. Noh, et al, (JPCM, 2010) A. Cook, AP (PRB 2013) 
Fe 
Re 
Re 
Electronic	  model	  for	  BFRO:	  Correla4ons	  and	  SOC	  
Comparing Hartree + SO dispersion with LDA+U+SOC 
Spin-Orbit coupling lifts many degeneracies 
Stable Weyl nodes: Discrete band touching points with topological properties 
                                                       [X.Wan, A. Turner, A. Vishwanath, S. Savrasov (PRB 2011); A. Burkov, L. Balents (PRL 2012)] 
B.C. Jeon, T.W. Noh, et al, (JPCM, 2010) A. Cook, AP (PRB 2013) 
Polarization at Fermi level ~ 90% 
Electronic	  model	  for	  BFRO:	  Correla4ons	  and	  SOC	  
XMCD data on Re 
Sz (Fe) ~ +2.40  (i.e., 4.8 µB) 
Sz (Re) ~ -0.15  
Lz (Re) ~ -0.09  
Theory: (µorb/µspin) ~ -0.31 
Expt: (µorb/µspin) ~ -0.29 
Sz (Fe) ~ +2.30  (i.e., 4.6 µB) 
Sz (Re) ~ -0.78  
Lz (Re) ~ -0.48  
No correlations (U=0) With correlations (U=2.5eV) 
Important: msat ~ 3.5 µB 
 C. Azimonte, et al, PRL 98, 017204 (2007) 
Tetragonal distortion 
Weak orbital order in the 
Ferromagnetic state 
⇢xy
⇢
  ⇢xz
2⇢
  ⇢yz
2⇢
' 0.05
Magne4c	  ﬂuctua4ons	  
Neutron scattering results 
•  Weak antisite disorder < 1% (from Xray studies) 
•  Re - friendly for neutron scattering (unlike Ir) 
•  Evidence for scattering at the magnetic Bragg peak 
•  Evidence for signal disappearing near magnetic Tc 
•  Confirm with Q-dependence of signal over wider range 
    - weaker at large Q, unlike phonons 
K. Plumb, A. Cook, et al, PRB 87,184412 (2013) 
Y.J. Kim group 
Local	  moment	  star4ng	  point:	  Atomic	  states	  
Simplified interaction for d2 
JH=0 states 
Degeneracy: 6,8,1 
 
Large JH states simple 
L=1,S=1: J=2,1,0 
L=2,S=0: No s.o. 
L=0,S=0: No s.o. 
 
Lowest 5 states smooth 
t2g 
j=1/2 
j=3/2 
K. Plumb, A. Cook, et al, PRB 87,184412 (2013) 
For modest values JH > 2λ	

L=1 + S=1 giving J=2 
Local	  moment	  Hamiltonian	  
On symmetry grounds, expect: 
simplify 
   J
⌦±(Q)=
q
S2+ 20   FR 2Q ± S  0
2-branch dispersion 
Dynamic structure factor 
Local	  moment	  Hamiltonian	  
Zone boundary 
energy ratio: 
Experimental estimate 
 
            
“Mean field” estimate 
F/R
F/R ⇡ 1.6
Experiment Theory 
F/R ⇡ 1.9
•  Assuming F=2.1-2.3, find R ~ 1.3-1.4 
•  R > 1: Orbital moments participate in dynamics 
•  AFM Re-Fe coupling ~ 3 meV (rough Tc ~ 350K) 
•  Weak locking to lattice – consistent with weak orbital order 
K. Plumb, A. Cook, et al, PRB 87,184412 (2013) 
{111}	  grown	  oxide	  heterostructures	  
Fe and Mo/Re on honeycomb lattice 
Fe: Local moments 
Mo/Re: Itinerant t2g electrons 
(LaNiO3)m-(LaMnO3)n superlattices along {111}  
Infinite m=1,n=1 superlattice: La2NiMnO6 double perovskite 
SFMO: {111} bilayer 
Bilayer hoppings 
Quasi-1D 
intra-orbital hoppings 
Orbital mixing 
second-neighbor hoppings 
t⇡ ⇠ 250meV t , t0, t00, tm ⇠ 0.1t⇡
Magne4sm	  of	  SFMO	  in	  {111}	  Thin	  Film	  Geometry	  
Lowest energy: Ferromagnetic orientation of Fe moments 
Exchange energy between Fe (S=5/2) moments ~ 1.5meV 
Ising-like anisotropy due to SOC 
Estimated Tc ~ 100 K 
Ferro orientation 
. A. Cook, AP, arXiv:1402.6347 
Adapt spins+fermions model to bilayer 
Trigonal	  distor4on	  
n: Squeezing / Stretching axis 
Symmetry: {111} perpendicular to bilayer 
^ 
nˆ
nˆ
Phase	  diagram	  of	  SFMO	  in	  {111}	  bilayer	  
Edge state spectrum in 
C=2 Chern insulator 
 
Quantum Hall gap ~ 75K 
Chern insulator 
Normal insulator 
Chern metal 
. A. Cook, AP, arXiv:1402.6347 
SFMO bilayer supports 
topologically nontrivial metals 
and C=2 Chern insulator 
Emergence	  of	  C=2	  Chern	  bands	  in	  the	  {111}	  ferromagnet	  
Exchange split j=3/2  
states on Mo due to Fe  
ferromagnetism jz= +3/2 
jz= +1/2 
jz= - 1/2 
jz= - 3/2 
2-band Model  
on the Triangular  
lattice 
+2 
-1 -1 
Skyrmion number = +/- 2 
xy z (mass) 
C=2	  Chern	  insulator	  to	  Normal	  insulator	  transi4on	  
C.Hickey, A. Cook, AP (preprint) 
Haldane model: Chern number changes by “1”. 
 
Chern number change by “2” is unusual: 
Symmetry protection needed (inversion or C6 of 
Mo triangular lattice) 
•  Massless Dirac fermions at the BZ corners 
having “vorticity” 1 (inversion protected) 
•  Quadratic band touching at Γ-point with 
     skyrmion texture having winding number=2 
     (protected by C6 symmetry) 
+2 
-1 -1 
C=2	  Chern	  insulator	  to	  Normal	  insulator	  transi4on	  
Marginally relevant interactions drive nematic order 
around the putative z=2 critical point 
CI Nematic CI 
Nematic 
NI NI 
Near the Γ-point 
C. Hickey, A. Cook, AP (preprint) 
T 
Nematic 
“Hall crossover’’ 
r 
+2 
C=2	  Chern	  insulator	  to	  Normal	  insulator	  transi4on	  
Marginally relevant interactions drive nematic order 
around the putative z=2 critical point 
CI Nematic CI 
Nematic 
NI NI 
Near the Γ-point 
C. Hickey, A. Cook, AP (preprint) 
T 
Nematic 
“Hall crossover’’ 
r 
+1 +1 
Summary	  
Spin orbit coupled double perovskites host rich physics 
 
•  3D Bulk complex oxide: Ba2FeReO6 
     - band structure with Weyl nodes 
     - spin and orbital magnetization from strong correlations 
     - spin dynamics in agreement with neutron data 
 
•  2D Heterostructures {111}: Sr2FeMoO6 
     Topological phases including emergent Chern bands  
     and C=2 quantum anomalous Hall insulators 
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